) on immunoblots was measured by digital image analysis. Specific IgG levels in vaccinees increased from acute to early convalescent phases, followed by a decline, while controls showed a small increase over time. Vaccinees had significantly higher levels than controls against class 1 and 3 porins and LPS in acute sera, against all antigens during early convalescence, and against class 1 and 3 porins in the later sera. Vaccinees who were infected with strains expressing subtype P1.7,16 proteins demonstrated a level of IgG binding to protein P1.7,16 with early-convalescent-phase sera that was fourfold higher than that of those infected with other strains. Bactericidal titers in serum against the vaccine strain were 192-fold higher for vaccinees than those for controls during early convalescence, but similarly low levels were found during late convalescence. A vaccine-induced anamnestic response of specific and functional antibody activities was thus shown, but the decrease in protection over time after vaccination indicated that two vaccine doses did not induce sufficient levels of long-term protective antibodies.
Serogroup B meningococcal disease is a major health problem in many countries throughout the world. Serogroup B polysaccharide vaccine is poorly immunogenic in humans (66) , probably because of its structural similarity to sialic acid residues on human cells (20) . Therefore, vaccines based on noncapsular surface antigens have been developed and used in several trials (6, 7, 19, 21, 56) .
In Norway, the high incidence of meningococcal disease, which is caused mainly by B:15:P1.7,16 strains of the ET-5 complex (8, 12, 33) , led to a placebo-controlled double-blind protection trial between 1988 and 1991. An outer membrane vesicle (OMV) vaccine from a representative epidemic strain (strain 44/76), which was adsorbed to aluminum hydroxide (24) , was given in two doses to 88,800 secondary school students, while 83,000 received the placebo preparation of aluminum hydroxide. After 29 months of observation time, the point estimate for protection against group B meningococcal disease was 57.2% (P ϭ 0.012) (6) . From June 1991, the study continued as an open trial in which 49,000 of the previous placebo controls accepted vaccination (5) . In this part of the trial, the 64,600 nonparticipants in the blinded part served as additional controls, since they were proven to have the same risk of contracting meningococcal disease as those given the placebo (5) .
In the blinded part of the trial, 12 vaccinees and 24 controls contracted systemic group B meningococcal disease. None of the survivors showed significant complement deficiencies (26, 30) . During the first year of the open part (1991 to 1992), in which 137,800 vaccinees and 98,600 controls participated, the corresponding numbers with group B disease were 8 and 11, respectively (5) . The latter vaccine failures had all been vaccinated in 1988 to 1989; a decrease in protection over time after vaccination was also observed in the blinded part of the trial (6, 50) . From most of the patients, one or more serum samples were collected at different times after onset of disease. In the present study, digital image analysis was used to measure the immunoglobulin G (IgG) binding intensities of these sera to the major OMV vaccine antigens on immunoblots. The aim of our study was to compare the quantitated IgG responses of vaccine failures and unvaccinated controls and to analyze the possible associations between these antibody specificities and the bactericidal activities in serum. Our results demonstrated that the group B vaccine had induced immunological memory but that two doses were not sufficient to obtain long-term protective antibody levels. A preliminary immunoblot study of sera from nine of the patients has been published previously (59) . 104 serum samples was obtained from 10 of 12 (83%) vaccine failures and 22 of 24 (92%) placebo controls in the blinded part and from 6 of 8 (75%) vaccine failures and 4 of 11 (36%) controls in the open part of the trial. The control group included placebo controls from both parts of the trial and nonparticipants from the open part. From one control, three different acute-phase sera were obtained, while two different early-convalescent-phase samples were collected from 2 vaccinees and 10 controls.
Strains. Meningococcal isolates from patients were typed with serotype-and subtype-specific monoclonal antibodies by a dot blot method (64) . Nontypeable and nonsubtypeable strains were studied for expression of class 1, 2, or 3 porins in sodium dodecyl sulfate gels (37) . Serogroups of culture-negative patient strains were determined by analyzing paired sera for IgG and IgM antibodies against purified polysaccharides by enzyme-linked immunosorbent assay (ELISA) (32) . Reference strains M1080 (B:1:P1.1,7) and S3032 (B:NT:P1.12,16) (22) were used to determine the variable region (VR) specificities of the class 1 protein responses on immunoblots as described previously (34, 51, 59) . The class 4 proteindeficient mutant of vaccine strain 44/76 was a gift from Milan Blake while he was at Rockefeller University, New York, N.Y.
Immunoblotting and quantification of immunoreactive bands. Immunoblotting was carried out as described elsewhere (64) with OMVs from vaccine strain 44/76 as the antigen (24) . After electrotransfer of 12% acrylamide gels (7 by 8 cm) to nitrocellulose filters, strips loaded with OMV protein (corresponding to approximately 1.8 g of protein before electrotransfer) were incubated overnight with 1:200 dilutions of human sera without and with 0.15% Empigen BB (Albright & Wilson, Whitehaven, United Kingdom) to restore partial antigenicity of OMV proteins (40, 61) . IgG binding was detected with 1:500 dilution of rabbit anti-human IgG conjugated to horseradish peroxidase (Dakopatts, Glostrup, Denmark). All filters were stained with substrate for 10 min, and care was taken to blot all sera under identical experimental conditions. The intensities of binding of IgG from each serum to the seven OMV antigens (the 80-and 70-kDa high-molecular-mass components, the major class 1, 3, 4, and 5 proteins [including Opc], and lipopolysaccharide [LPS] ) was recorded by both visual and digital scanning. By visual determination, the immunoreactive bands were scored on a scale from 0 to 4, where scores between 0 and 1.5, between 2 and 2.5, and between 3 and 4 represented no to weak binding, medium binding, and strong binding, respectively. After storage of the strips in plastic covers in the dark for 3 to 4 years, they were photographed under identical contrast enhancement conditions with a Sony CCD-IRIS black and white video camera equipped with a green filter. Image analysis was performed with the 1-D module of Cream Software from Kem-En-Tec A/S, Copenhagen, Denmark. Band densities were recorded in arbitrary units as integrated peak areas between baseline and curve. When IgG binding to any antigen was higher in the presence of Empigen BB, this value was used in the further analyses. Control strips from each blot, which were incubated with monoclonal antibodies against the class 1, 3, and 4 and Opc proteins, served to identify the positions of the major OMV antigens.
ELISA. Binding of IgG to OMVs was analyzed by ELISA (49) . Levels of IgG were measured in 1:200 serum dilutions and were recorded as optical densities at 405 nm after 30 min of incubation with substrate.
Bactericidal assay. Serum bactericidal activities in microtiter plates were assayed in the presence of 25% human complement and 70 to 80 CFU of strain 44/76-SL (31) . Approximately 10% of the colonies of this strain expressed the Opc protein strongly (51) . A twofold dilution series of each serum, starting at a 1:2 dilution, was examined. The complement source alone gave no reduction in numbers of CFU after 30 min of incubation and showed no reaction with OMVs on immunoblots. The bactericidal titer (BT) was recorded as the reciprocal of the final serum dilution causing more than 50% killing of the inoculum. A titer of 1 was assigned to sera with less than 50% killing at a 1:2 dilution.
Statistical analyses. Differences in binding of IgG to OMV components between sera from vaccine failures and controls were compared by the MannWhitney rank sum test, and correlations were assessed by the Spearman rank order correlation test or regression analyses. Differences in proportions of observations were compared by the chi-square test or the Fisher exact test for five or fewer observations. P values of Յ0.05 were considered significantly different. The statistical analyses were performed with a SigmaStat program from Jandel GmbH, Erkrath, Germany.
RESULTS
Case isolates. The serogroup B isolates, which caused disease among the 20 vaccinees and 35 controls during the blinded and open parts of the Norwegian protection trial, were analyzed on dot blots and immunoblots with available monoclonal typing reagents and by gel electrophoresis ( (52, 62) , were taken into account. Neither the observation that more vaccinees than controls (25 versus 11%) were infected with strains expressing subtype P1.12 nor the observation that no vaccine failure contracted 15:P1.2,5 strains, the second-most-frequent strain causing disease among controls, were significant. Lost or culturenegative strains, which were shown by other methods to be serogroup B (32), accounted for approximately 15% of the causative strains in each patient group. These data indicated that vaccinees and unvaccinated controls were infected to the same extent with vaccine-like strains. Identification of the class 1 proteins of some of the unknown or lost strains by PCR of cerebrospinal fluids (13) did not change this result.
Patient sera. A total of 104 patient serum samples (37 from vaccine failures and 67 from controls) were analyzed by immunoblotting (Table 2 ). They represented one or more samples, which were drawn at different times after disease onset, from 16 of the 20 (80%) vaccinees and from 26 of the 35 (74%) controls. The sera were divided into three groups according to the time of sampling after disease onset, namely, acute-phase sera (1 to 4 days), early-convalescent-phase sera (5 to 79 days), and late-convalescent-phase sera (8 to 31 months). Mean values for collection from vaccine failures were 1.7 days for acutephase sera, 23.8 days for early-convalescent-phase sera, and 17.1 months for late-convalescent-phase sera. These numbers were not significantly different from the corresponding numbers (1.7, 24.6, and 18.8, respectively) of the control group. Paired acute-phase and early-convalescent-phase sera were ob- tained from 10 (50%) and 12 (34%) of the vaccinees and controls, respectively.
Comparison between visual and scanning quantitation of immunoreactive bands. The intensities of binding of IgG of all 104 sera to the different OMV antigens (80-and 70-kDa proteins, class 1, 3, and 5 proteins, and LPS) were first scored visually, on a scale from 0 to 4, and then quantitated by digital scanning after storage in the dark for 3 to 4 years. The strips showed no evidence of fading under these storage conditions. A comparison was made between visual scoring and densitometric scanning of the immunoreactive bands (data not shown). For the two vaccine antigens with molecular masses of 80 and 70 kDa, the correlation coefficients between these two measurements were 0.90 and 0.84, respectively. The corresponding coefficients were 0.79, 0.94, and 0.88 for the class 1, 3, and 5 proteins, respectively, and 0.93 for LPS (all P Ͻ 0.001). A good correlation between visual scoring and digital scanning was thus found for the binding of IgG to the major OMV vaccine antigens. This even applied to the class 5 (including Opc) proteins and LPS, which often showed two or more bands on blots. In these cases, the sum of the band intensities was used.
In previous reports on antibody responses, which were measured by visual scoring of immunoblots, a distinction was made between weakly stained bands, which were ignored, and those of medium or stronger staining (34, 51) . From plots between visual scores and the corresponding densitometric values (data not shown), the approximate scan value in arbitrary units which discriminated visually weak from medium stained bands was obtained for each OMV antigen. These cutoff values depended on the band widths of the immunoreactive antigens. For the more narrow immunoreactive bands, shown by the 80-and 70-kDa and class 5 proteins, cutoff values were about 500, whereas they were about 1,000 for the broader class 1 and 3 protein bands. For the even broader LPS bands, cutoff was about 2,000. Scan values higher than the cutoffs corresponded to visually distinct immunoreactive bands. Since the scan values depend somewhat on the contrast conditions used to acquire the image of the strips, all strips were photographed under identical conditions.
Comparison of IgG levels determined by ELISA and by digital scanning of all immunoreactive bands. Total levels of IgG against OMVs in the patient sera were analyzed by ELISA (data not shown). In this method, the coating OMV antigen is less denatured than in immunoblotting and more antibodies against conformational epitopes will be detected. Since digital image analysis of blots gave a quantitative measurement of IgG levels, it was of interest to examine if there was any association between the sum of scanned bands with the IgG levels measured in ELISA. For this analysis, all immunoreactive bands on the blots were included. No serum with a high ELISA value and a low scan value was found. The correlation coefficients for the two methods were 0.77 and 0.59 (P Ͻ 0.001), respectively, for all sera from vaccinees and controls. These results indicated that the intensities of the band patterns on blots reflected the IgG levels of the corresponding sera.
Binding of IgG to major OMV antigens with sera from vaccine failures and controls. Table 2 shows the densitometric analyses of binding of IgG to the individual OMV antigens with the 104 serum samples taken at different times after onset of disease from vaccinees and controls. The results are given as ranges, medians, fold increases relative to the levels of the acute-phase sera and as the significance of differences between and within the two patients groups. Also, the number of sera with band intensities higher than the cutoff values, which represented visually distinct bands (see above), is presented. For most antigens, large individual variations in antibody responses were observed. Because the amounts of the various antigens in (576) 18 (60) the OMVs are different and because their transfer to the filters during electrotransfer may be dissimilar, care should be taken in comparing IgG levels between the different antigens.
80-and 70-kDa antigens. The 80-and 70-kDa antigens constitute 3% or less of the total protein content of OMVs (23, 24) . The 70-kDa protein reacts with a monoclonal antibody against iron-regulated protein FrpB. The nature of the 80-kDa antigen is unknown (23), but it is strongly immunogenic after vaccination with both our OMV vaccine (51, 59 ) and a recombinant PorA OMV vaccine (16, 46) . During the acute phase, IgG binding to the 80-kDa protein was low for both vaccinees and controls. It increased by more than 10-fold during early convalescence of the vaccine failures, and the levels were significantly higher than those for the controls (P Ͻ 0.0001). Nearly all early-convalescent-phase sera from vaccinees displayed a distinct band, compared to 33% of the controls. Antibody levels of the vaccinees then decreased and were not significantly different from those of the late-control-phase sera. The controls showed a slight increase in antibody binding over time after disease. Both early-and late-convalescent-phase sera had significantly higher levels (P Ͻ 0.008) than acutephase sera.
The 70-kDa antigen also elicited a significantly higher response among vaccinees than controls during early convalescence (P ϭ 0.001). The apparent high fold increase was less relevant because of the very low level of median binding of the acute-phase sera. This was the only antigen for which a significant increase in antibody levels after disease was not demonstrated within the two patient groups.
Class 1 protein.
Vaccinees responded significantly higher to the P1.7,16 protein at all times after disease compared to controls (P Ͻ 0.009). During early convalescence of vaccinees, IgG binding increased by approximately threefold, with little change thereafter ( Table 2 ). The majority (86%) of the earlyconvalescent-phase sera from vaccinees had IgG bands higher than the cutoff, whereas only two control sera (7%) showed similar distinct bands. They were obtained 9 and 12 days after onset of disease from the one individual (K-177) contracting a NT:P1.16 strain (Table 1) . Control sera demonstrated a slight, significant increase in IgG binding over time (P ϭ 0.04).
We also analyzed if infection of vaccinees with meningococci expressing vaccine-like class 1 proteins would boost vaccineinduced antibodies against the P1.7,16 class 1 protein (Fig. 1) . Acute-phase sera from vaccinees, which were infected with strains carrying P1.7, P1.16, or their epitope variants (P1.7/16), demonstrated low levels of binding to class 1 OMV protein that were similar to those for sera from vaccinees infected with strains of other subtypes (P1.n/x). During early convalescence, the median antibody level of the P1.7/16 group increased by ninefold and they showed fourfold higher binding than the other group (P ϭ 0.003). The levels of the P1.7/16 group then decreased, and with the late-phase sera there was no significant difference between the two groups of vaccinees. We also compared the class 1 protein responses of the P1.1x/n vaccine group and those of all controls (Table 2 ) during early convalescence. The controls had significantly lower (P Ͻ 0.001) levels than the vaccine group, suggesting that the vaccine had primed for a partial subtype-specific response against the P1.7,16 protein.
Previously, we reported that the P1.16 epitope, which is located on loop 4 of the P1.7,16 protein, seemed to be more immunogenic than the P1.7 epitope on loop 1 following vaccination (34, 51, 59) . This was also found to be the case for the patient sera. Late-convalescent-phase sera with immunoreactive class 1 porin bands higher than the cutoff (Table 2) were incubated with the two meningococcal reference strains M1080 (B:1:P1.7,1) and S3032 (B:NT:P1.12,16). Each of these expresses one of the subtype epitopes of the P1.7,16 protein. By visual examination, five of the eight serum samples from the vaccinees and four of the six serum samples from controls bound distinctly to the class 1 protein of S3032, but not to M1080, implying antibodies directed against the P1.16 epitope. All but one of the P1.16-positive sera were from individuals infected with strains expressing subtype P1.7,16, or its variants, or with culture-negative strains, which were demonstrated by PCR to express vaccine-like class 1 proteins (13). Thus, infection of both vaccinees and controls with vaccine-like strains mainly induced class 1 porin antibodies directed against the P1.16 epitope.
Class 3 protein. Also for the class 3 porin, the responses among the vaccine failures were significantly higher at all times after disease compared to controls (P Ͻ 0.009). Totals of 54 and 100%, respectively, of the acute-and early-convalescentphase sera from the vaccinees had antibody levels higher than the cutoff, whereas no control sera showed a corresponding band intensity (Table 2) . During early convalescence of the vaccinees, class 3 porin antibodies increased by 4.5-fold (P ϭ 0.001), and the levels decreased only slightly with time.
Control sera demonstrated a significant increase in the level of antibody binding from the acute to the late convalescent phases (P Ͻ 0.001). Only eight late-convalescent-phase sera from controls showed class 3 porin bands higher than the cutoff ( Table 2 ). The majority of these controls had been infected with serotype 15 strains. Since distinct bands were not seen with their earlier sera, this suggested a late development of class 3 porin antibodies.
Class 5 proteins. Antibodies against class 5 proteins include those binding to the Opc protein as well as to the P5.5 Opa protein in the vaccine (24) . Vaccinees responded significantly higher to the class 5 proteins during early convalescence (P ϭ 0.0001) compared to controls (Table 2) . Their antibody levels increased by eightfold (P ϭ 0.0001) compared to a less-thantwofold increase for the controls. Both groups had similar levels in the acute-and late-convalescent-phase sera. Control sera showed a significant increase in their anti-class 5 protein levels from the acute to the late convalescent phases (P ϭ 0.01). LPS. Blots generally showed one or two bands of equal width in the LPS region. The one of higher molecular weight (L3 band) was recognized by monoclonal antibodies specific for immunotypes L3, L3,7, and L3,7,9. The lower-molecularmass band (L8 band) bound monoclonal antibodies specific for immunotypes L8 and L1,8,10 as well as two monoclonal antibodies specific for the conserved inner core (2, 3). Some sera with strong LPS bands also gave a band moving slightly behind the L3 band. The LPS antibody levels listed in Table 2 are the sum of these bands. Vaccinees responded to infection with significantly higher levels in both acute (P ϭ 0.02)-and earlyconvalescent (P Ͻ 0.0001)-phase sera compared to controls. They showed an increase of approximately sixfold in IgG binding, but during the late phase the two patient groups had similar low levels. For the controls, the anti-LPS responses of both early (P ϭ 0.01)-and late (P ϭ 0.04)-convalescent-phase sera were significantly higher than those for acute-phase sera.
IgG binding to each of the two LPS bands was also examined (Fig. 2) . L8 bands were significantly stronger (P Ͻ 0.002) during both acute-and early-convalescent phases of vaccinees compared to controls, whereas the L3 antibody level was only significantly higher (P ϭ 0.02) during early convalescence. No significant differences between the two patient groups were detected with the late-convalescent-phase sera. For the vaccine failures, antibody levels against the L3 and L8 bands increased by 7.5-fold (P ϭ 0.001) and 2.4-fold (P ϭ 0.004), respectively, from the acute phase to the early convalescent period.
Class 4 protein and other OMV antigens. Many sera showed a band in the narrow region between the class 3 and Opc bands, which corresponded to the position of the class 4 protein as shown by a class 4 protein-specific monoclonal antibody. Several experiments (data not shown) indicated that an unknown antigen comigrated with the class 4 protein and thus interfered with the estimation of antibody levels. In addition, bands other than those represented by the major OMV antigens were seen on many OMV blots. They were mainly positioned between the 70-kDa antigen and class 1 porin or between the class 5 proteins and LPS and were generally more distinct with sera from vaccine failures than with those from controls.
Bactericidal activity of patient sera. Bactericidal activities of all but two early-and late-convalescent-phase sera were determined with variant 44/76-SL expressing low levels of Opc protein. Acute-phase sera were not analyzed because of the regular presence of antibiotics. During early convalescence, the median level of bactericidal antibodies was nearly 200-fold higher among vaccine failures than among controls (P Ͻ 0.001), whereas there was no significant difference between the late-convalescent-phase samples ( Table 3 ). The change in titers over time after disease within each patient group was not significant. Totals of 75 and 40% of the vaccinees' early-and late-convalescent-phase sera, respectively, showed high titers (BT Ն 128), whereas less than 10% of the control sera had similar titers. Significantly more controls than vaccinees (P ϭ 0.002) had no serum bactericidal activity (BT ϭ 1) for the early-convalescent-phase sera.
Two serum samples, which were drawn at different times during early convalescence from 2 vaccinees and 10 controls (see Materials and Methods), allowed us to examine the variation of bactericidal antibody levels within that time period. Six of the paired control sera had no titers (BT ϭ 1). All but one of the remaining pairs showed a decrease in activity (Fig. 3) . The high BTs of the sera from the two vaccine failures (K-80 and X-100) decreased within a period of 5 to 6 weeks. Thus, they decreased from BTs of 512 to 64 between days 11 and 45 after onset of disease for K-80 and from BTs of 1,024 to 128 between days 19 and 60 for X-100. These titers were higher throughout the study period than those of the paired control Fig. 1 . Acute-and early-convalescent-phase sera from vaccinees had significantly higher L8 antibody levels than controls (P Ͻ 0.002), whereas only early-convalescentphase sera showed significant differences for the L3 band (P ϭ 0.02). conv., convalescent.
FIG. 3.
BTs against vaccine strain 44/76-SL of paired sera collected after onset of disease. Individuals designated K-80 and X-100 were vaccine failures, and K-168, K-177, K-188, and X-78 were controls who suffered from group B meningococcal disease during the protection trial. VOL. 66, 1998 IMMUNE RESPONSES OF PATIENT SERA 3227 sera (K-168, K-188, and X-78), which showed similar decreases in the lower BT range. In contrast, BTs for the sera from the remaining control (K-177) increased from 32 to 128 between days 9 and 12 after onset of disease. This individual was the only control with a distinct class 1 protein response on immunoblots. Convalescent-phase sera were also tested for killing activities against strain 44/76-1, a variant expressing high levels of Opc proteins (51) . Only a single serum sample from a control, who was infected with a B:15:P1.2,5 strain, showed distinctly higher titers with this variant, that is BT of 256 with 44/76-1 versus BT of 4 with 44/76-SL. On blots, this serum sample demonstrated a medium-stained Opc band. These results suggested that infection in general did not induce high levels of bactericidal antibodies against the Opc protein.
Correlation between bactericidal activity and immunoreactive band intensities. The association between BTs of convalescent-phase sera and their IgG binding to the individual OMV antigens, which was measured by densitometric scanning, was examined (Table 4 ). Significant correlation coefficients between the BTs and antibody levels against the 80-kDa, class 1, and class 5 proteins were observed for all early-and late-convalescent-phase sera from the vaccine failures. A similar analysis of control sera showed significant correlations for class 1 protein and LPS. For the two LPS components, antibodies against the L3 band demonstrated a significant relation with BTs for both vaccinees (r s ϭ 0.61 [P ϭ 0.003]) and controls (r s ϭ 0.47 [P Ͻ 0.001]). No significant correlation was found for the L8 antibodies in vaccinees, whereas the controls only showed low correlation (r s ϭ 0.28 [P ϭ 0.042]) for these antibodies.
Multiple-linear, forward-stepwise, or best-subsets regression analyses of control sera gave the same results as those found by the Spearman rank test (Table 4) . For the vaccine group, multiple-linear regression analysis demonstrated that none of the specific antibody levels made any significant contribution to BTs. Forward-stepwise regression showed a significant contribution of class 5 protein antibodies (P ϭ 0.002), while bestsubsets regression analysis indicated that this specificity as well as the antibody levels against class 1 protein and LPS significantly predicted the BTs (P ϭ 0.002 to 0.042).
DISCUSSION
In this report, sera from vaccinees and unvaccinated controls who contracted group B meningococcal disease during the blinded and first year of the open part of the Norwegian protection trial (1988 to 1992) were compared for specific and functional antibodies. Together with an analysis of the case isolates, the results allowed us to draw some conclusions as to why the vaccine failed to protect some individuals in the trial.
Strains which caused disease among the vaccine failures and controls showed the same distribution of sero-and subtypes (Table 1) , confirming previous antigenic and genetic studies of isolates from the blinded part of the trial (9, 25) . This was also true when the results from a recent PCR analysis of spinal fluids from four of the patients, whose isolates were lost or culture negative, were included (13) . Because the proportions of class 5 proteins and major LPS immunotypes were also similar for isolates from vaccinees and controls in the blinded part of the trial (25) , our data support the conclusion that the disease of the vaccinees was not likely to be caused by a predominance of escape strains.
Sera were collected from the majority of vaccinees and controls who were infected during the protection trial. These samples were divided into acute-, early-, and late-convalescentphase sera, corresponding to approximately 2 days, 24 days, and 18 months, respectively, after onset of disease for both patient groups. The levels of binding of IgG antibodies of these sera to each of the major vaccine antigens, i.e., the 80-kDa, 70-kDa (FrpB), class 1 (subtype P1.7,16), class 3 (serotype 15), and class 5 proteins and LPS, were measured by digital image analysis of immunoblots. The levels of antibodies to class 4 protein were not determined, because an antigen of an unknown nature interfered with the measurements. Such antigens have been described for gonococci and meningococci (1, 4) .
Although both vaccinated and unvaccinated control patients showed large individual variations in their specific antibody levels, statistical analysis established that the vaccinees had been primed for a higher IgG response. In agreement with other reports (10, 17, 18, 28, 29, 38, 39, 45, 48) , the specific antibody levels of both vaccinees and controls were low during the acute phase, i.e., approximately 2 days after onset of disease. Only the responses against the two porins and LPS were somewhat higher for the vaccine failures than for the controls (Table 2) . However, about 3 weeks later, the vaccinees showed higher responses to all major vaccine components compared to the controls. This distinct increase in specific antibody levels was not observed for the control group. Higher antiporin activities during convalescence of vaccine failures compared to nonvaccinees have also been reported previously (18, 28, 29, 67) . The responses of the vaccinees waned from the early to the late convalescent period, so that their late-convalescentphase sera, which were collected about 1.5 years after onset of disease, had the same low levels of specific antibodies to most OMV components as the acute-phase sera. Only the class 1 and 3 porin antibody levels remained high during the late phase of the vaccinees. These porin specificities were also the only ones that were significantly higher than those for the controls during late convalescence. The reduction in antiporin levels during late convalescence, which has been described by others (28, 29, 34, 43) , was less evident from our analyses ( Table 2 ). This may be due to an underestimation by the scanning method of strong signals due to color saturation at the single serum dilution used for the blotting experiments (60) . For the controls, the slow and modest increases after onset of disease in antibody binding to all major OMV components, except for the 70-kDa antigen (Table 2) , was probably caused by carriage of meningococci, which was prevalent in this teenage group (14) , or of other antigen-related organisms.
The ratio between the L3 and L8 bands of LPS in the vaccine has been estimated to be approximately 3:1 in silver-stained sodium dodecyl sulfate gels (1a, 2) . This, together with the specific IgG levels (Fig. 2) , indicated that LPS components in the L8 band were more immunogenic after onset of disease in vaccinees than those in the L3 band, containing the host-like lacto-N-neotetraose structure (35, 44) . Similar results were also found from blotting studies of healthy vaccinees' sera (51) . Our demonstration of a priming effect of the vaccine rests on an immunoblot analysis, and the ability to measure antibodies against conformational epitopes by this method has been questioned. However, different studies suggest that the blotting method may not be limited only to detection of antibodies against linear epitopes. We found significant correlations between antibody levels, which were measured as all immunoreactive bands on the blots, and the corresponding IgG levels by ELISA with native OMVs. Only a few sera showed detergentdependent binding to blotted class 1 and 5 proteins when Empigen BB was present as a refolding agent (40, 61) . Antibodies against native proteins have been shown to assist in refolding of denatured proteins (11, 15) , and bovine serum albumin in the incubation buffer can increase macromolecular interactions (58) . It is thus feasible that some renaturation of blotted antigens may occur during the overnight incubation through different molecular mechanisms.
BTs of early-convalescent-phase sera from vaccine failures were significantly higher than those for controls (Table 3) , supporting a previous study (67) . However, the bactericidal antibodies declined rather rapidly during this period for both vaccinees and controls (Fig. 3) . From statistical analyses, the contributions of specific OMV antibody levels to the bactericidal activity of the convalescent-phase sera were somewhat different for the two patient groups (Table 4) . BTs of vaccinees' sera correlated with antibody levels against the 80-kDa, class 1, and class 5 proteins, while levels against class 1 protein and LPS contributed to the killing activity of control sera. Thus, significant associations between BTs and IgG responses to all major OMV antigens, except for the iron-regulated 70-kDa protein, were demonstrated. Since the meningococcal cells in the bactericidal assays were cultivated in an iron-rich medium, it is likely that this protein was not sufficiently expressed to achieve a critical epitope density for the bactericidal antibodies.
That these specific antibody activities may contribute to functional activity has also been demonstrated in other studies. Class 1 porins elicit bactericidal antibodies both after disease and vaccination (31, 34, 41, 46, 51, 54, 55, 63, 68) , and class 5 proteins induce such activity after vaccination (68) . Opc protein also gives rise to bactericidal antibodies in vaccinees, but few convalescent-phase sera have corresponding high activity (51, 53) . The latter finding was confirmed from the analysis of the larger number of convalescent-phase sera in the present study. For the 80-kDa antigen, a correlation between BTs and antibody levels has been observed for healthy vaccinees (51) . Bactericidal LPS activity in convalescent-phase sera has been demonstrated (27) , whereas conflicting results have been presented for vaccine-induced antibodies (51, 57) . In the case of bactericidal antibodies against the two LPS components, Moran et al. (42) demonstrated higher titers against L8 than L3 variant strains with convalescent-phase sera from patients with group B meningococcal disease. That we found no contribution of L8 antibodies to BTs may be consistent with the lack of expression of the L8 epitope on the test strain (2) .
The priming effect of the vaccine was also demonstrated by stronger binding of IgG to vaccine P1.7,16 protein with sera from vaccinees who were infected with strains expressing vaccine-like class 1 porins compared to other vaccinees (Fig. 1) . From immunoblot analysis, the specificity of the P1.7,16-positive sera was mainly directed against the P1.16 region in VR2 of this protein. A similar result was found when such sera were studied by ELISA with recombinant antigens with inserts of the P1.7 or P1.16 region (34) . Because neither of the methods demonstrated activities against the P1.7 (VR1) region, this suggested that VR2 played a major role in inducing antibodies to nonconformational epitopes on the class 1 protein. In addition, others have demonstrated a VR2 response in inhibition ELISA after onset of disease caused by B:15:P1.7,16 strains (10, 36). We also found induction of VR2-specific antibodies after OMV vaccination of healthy volunteers (51, 59 ). These results were somewhat different from those obtained after vaccination of human volunteers with a hexavalent PorA OMV vaccine, based on our vaccine strain 44/76, in which the P1.7,16 antibodies were directed against VR1 and/or VR2, as shown by peptide ELISA (54). Similar but not always identical specificities were found for the P1.7,16-specific bactericidal antibodies employing isogenic 44/76 strains with deletions of VR1 or VR2 (54, 55) . It is possible that our methods will not allow detection of conformation-dependent VR1 antibodies. However, it might be argued that the hexavalent PorA vaccine, which does not contain other major outer membrane proteins (16) , may elicit antibodies with epitope specificities partly different from those induced with our OMV vaccine or after onset of meningococcal disease. It is also possible that deletions of the VR1 or VR2 region in the bactericidal test strains (55) altered the conformation of the class 1 protein so that other epitopes became accessible.
Previously, antibody responses of healthy volunteers after one, two, and three doses of the OMV vaccine were expressed as percentages of sera with distinct IgG binding to the individual OMV antigens after visual scoring of band intensities (51) . From the number of patient sera with specific antibody levels higher than the cutoff values (Table 2 ) which roughly differentiated between visually weak and more strongly stained bands, a comparison with the responses of healthy vaccinees was possible. Acute-phase sera from vaccine failures showed more distinct antibody binding to class 1 and class 3 proteins and LPS than prevaccination sera from healthy volunteers. Responses of early-convalescent-phase sera from vaccine failures were comparable to those found 6 weeks after the third dose of healthy vaccinees. Acute-phase sera from controls had roughly the same responses as prevaccination sera, but their early-convalescent-phase sera showed little similarity to any of the postvaccination sera. This was most evident for the class 1 and class 3 porin activities, which were low during convalescence of the controls. On the whole, group B meningococcal disease of unvaccinated individuals was reflected in low levels of specific and functional antibodies against strain 44/76.
An important question is why some vaccinees contracted group B meningococcal disease during the protection trial. These patients did not suffer from general immune deficiencies (26, 30) , nor did we find any evidence for the predominance of escape strains. The present report demonstrates that the vaccine had primed the vaccine failures to respond with higher specific and bactericidal antibody levels compared to unvaccinated controls. However, these antibody activities decreased with time after onset of disease. A decrease in protection with time after vaccination was observed during the blinded part of the trial (6, 50) , and all eight vaccine failures in the open part of the trial (1991 to 1992) had been vaccinated in 1988 to 1989 (5) . Taken together, these results suggest that the protective antibody levels decreased below a critical limit over time after the two-dose vaccination. It is therefore encouraging that revaccination with a third vaccine dose induces longer-lasting and more-cross-reactive bactericidal antibodies (47, 51) and may thus extend the duration of protection. 
